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Summary 
A major difference between short- and long-term mem- 
ory is that long-term memory is dependent on new 
protein synthesis. Long-term memory can be further 
subdivided into a transient, initial phase that is readily 
susceptible to disruption and a later, more stable and 
persistent stage. To analyze this transition on the cel- 
lular level, we have examined the steps whereby short- 
term facilitation is converted to a long-term form in 
the sensorimotor connection of the Aplysia gill-with- 
drawal reflex. We found that stable long-term facilita- 
tion (at 24 hr) requires a higher concentration (100 nM) 
of serotonin (5-HT) than does short-term facilitation 
(10 nM). By using low concentrations of 5-HT, which 
do not produce long-term facilitation, we now have 
been able to explore the intermediate phases between 
the short- and long-term processes. By this means we 
have uncovered a new transient phase that involves 
three mechanistically different mechanisms-cova- 
lent modification, translation, and transcription-each 
of which can be recruited as a function of the concen- 
tration of 5-HT. 
Introduction 
Studies on the relationship between short- and long-term 
sensitization of the gill- and siphon-withdrawal reflex of 
Aplysia californica indicate that a single stimulus to the 
tail produces short-term sensitization that lasts minutes 
and does not require new protein synthesis, whereas four 
or five stimuli produce long-term sensitization that lasts 
24 hr or more and requires the synthesis of new proteins 
(Pinsker et al., 1973; Frost et al., 1985; Castellucci et al., 
1989). In the intact animal and in isolated ganglia, short- 
and long-term sensitization are accompanied by facilita- 
tion of the synaptic connection between the sensory and 
motor neurons of the gill- and siphon-withdrawal reflex 
(Castellucci et al., 1970; Castellucci and Kandel, 1976; 
Frost et al., 1985). This component of the reflex circuit 
can be reconstructed in dissociated cell culture (Rayport 
and Schacher, 1986). Here, a single pulse of 5-hydroxy- 
tryptamine (5-HT), a modulatory transmitter eleased by 
sensitizing stimuli in the intact animal (Glanzman et al., 
*Present address: Department of Human Anatomy and Physiology, 
University of Turin, Corso Raffaello 30, 1-10125 Turin, Italy. 
1989; Mackey et al., 1989), produces short-term facilita- 
tion lasting minutes that is independent of new protein 
synthesis, whereas four or five pulses of 5-HT over a period 
of 1-2 hr produce long-term facilitation detected 24 hr later 
that requires translation and transcription (Montarolo et 
al., 1986; Bailey et al., 1992). Imaging of cyclic AMP 
(cAMP) in Aplysia sensory neurons in culture indicates 
that a single pulse of 5-HT leads to a large, almost 10-fold, 
increase in the level of cAMP in the processes of the sen- 
sory neuron, with only a modest increase in the cell body 
(Bacskai et al., 1993). Only with repeated pulses of 5-HT 
(or with prolonged exposure) does the level of cAMP in- 
crease sufficiently in the cell body to cause translocation of 
the catalytic subunit of the cAMP-dependent protein kinase 
from the cytoplasm to the nucleus, a necessary step for 
the activation of transcription. These studies first sug- 
gested that long-term facilitation might have a higher 
threshold for serotonin than short-term facilitation. 
Previous studies of facilitation analyzed the effects of 
five pulses of 5-HT on synaptic transmission examined 24 
hr later (Montarolo et al., 1986; Dale et al., 1988; Schacher 
et al., 1990; Bailey et al., 1992). Since many of the syn- 
apses that the sensory neurons make on the gill motor 
neurons in culture (and in the ganglion) are close (100- 
200 ~m) to the somata of the sensory neurons, the time 
required to transport newly synthesized proteins from the 
cell body to the terminals is short. As a result, changes 
in synaptic transmission that are dependent on protein 
synthesis can be used as an assay for the arrival of new 
proteins at the terminal. We have tried to take advantage 
of this favorable geometry to address the questions: what 
is the nature of the transition from short- to long-term facili- 
tation, and how soon after the application of five pulses 
of 5-HT can components of long-term facilitation, requiring 
macromolecular synthesis, be detected? These questions 
are of particular interest since the transition to long-term 
behavioral memory itself appears not to be a unitary event 
but rather to have at least two stages, a labile early stage 
sensitive to disruption and a more stable later phase 
(ML~ller and Pilzecker, 1900; Duncan, 1949; Russell, 
1971). Can any of these intermediate stages be demon- 
strated on the cellular level? 
We find that, within 0.5 hr after application of the last 
of five pulses of 10 ~M 5-HT (2 hr after the first pulse), 
there is a large facilitation, substantially larger than that 
seen following one pulse of 5-HT. This early facilitation, 
which we define as intermediate facilitation, has novel fea- 
tures that distinguish it in several ways from the later facili- 
tation evident at 24 hr. First, it is transient, decaying within 
3 hr. Second, it is about twice as large as the facilitation 
present at 24 hr. Third, whereas the later phase of long- 
term facilitation evident at 24 hr is blocked completely by 
inhibitors of protein and of RNA synthesis (Montarolo et 
al., 1986; Bailey et al., 1992), the nature of the molecular 
mechanisms recruited in the intermediate phase depends 
on the concentration of 5-HT. When evoked by low concen- 
trations of 5-HT, the intermediate phase is not dependent 
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Figure 1. Short-Term Facilitation Requires a Slightly Lower 5-HT Con- 
centration Than Long-Term Facilitation 
(A) Effects of different 5-HT concentrations on the induction of short- 
term facilitation. The height of each bar is the mean - SEM of the 
percentage change in EPSP amplitude retested after a single 5-HT 
pulse, with 5-HT concentrations ranging from 1 nM to 10 ~M. Signifi- 
cant short-term facilitation was obtained with 10 nM 5-HT (single aster- 
isk, p < .05) and with 50 n M, 100 nM, and 10 p.M 5-HT (double asterisks, 
p < .01). 
(B) Effects of different 5-HT concentrations on the induction of long- 
term facilitation. The height of each bar is the mean -4- SEM of the 
percentage change in EPSP amplitude retested 24 h r after the training 
with 5-HT at concentrations between 1 nM and 10 I~M. At least 100 
nM 5-HT was required to evoke a significant (double asterisks, p < 
.01) facilitation at 24 hr. 
The first bars in both (A) and (B) represent he control cells that have 
been treated with one pulse (A) or five pulses (B) of seawater. A two- 
way ANOVA on normalized data from (A) and (B) showed a signifi- 
cant difference between the short- and long-term treatment (F = 
5,078; p < .02). 
on either protein or RNA synthesis. It is, however, depen- 
dent on the activity of the cAM P-dependent protein kinase 
and therefore reflects a persistence of short-term facilita- 
tion. Consistent with this finding, the intermediate phase 
produced by these low levels of 5-HT, in fact, does not 
give rise to a long-term process. At slightly higher concen- 
trations of 5-HT, a novel component is recruited. This com- 
ponent is also transient and requires new protein but not 
RNA synthesis. Only at still higher concentrations of 5-HT 
does a component emerge that requires mRNA synthesis, 
and it is only at this concentration that the persistent and 
stable later component emerges. Thus, the transition from 
short- to long-term facilitation itself involves a transient, 
intermediate phase involving a number of different mecha- 
nisms, each of which seems to be recruited relatively se- 
lectively as a function of the concentration of 5-HT. 
Results 
Short-Term Facilitation Requires a Lower 
Concentration of 5-HT Than Is Required for 
Long-Term Facilitation Lasting 24 hr 
To examine the emergence of long-term facilitation, we 
carried out a dose-response study in which we analyzed 
the effects of different concentrations of 5-HT on Iong-te rm 
facilitation measured at different times. This study also 
allowed us to ask the questions: what is the minimal con- 
centration of 5-HT that activates short-term facilitation, 
and how does this concentration compare to the one that 
activates long-term facilitation? 
To address these questions, we examined a range of 
5-HT concentrations from 1 nM to 10 I~M and measured 
the facilitation of the sensorimotor excitatory postsynaptic 
potential (EPSP) 1 min after a single 5 min 5-HT exposure 
(Figure-lA) and, in another group of experiments, 24 hr 
after the last of the five 5 rain pulses of 5-HT separated 
by 20 min (Figure 1B). We found that 1 nM 5-HT produced 
no significant short-term facilitation when measured after 
a single pulse ( -10% .+ 12.0%; n = 6; Figure 1A) and 
no significant long-term facilitation 24 hr after five pulses 
( -9% _ 9.7%; n -- 6; Figure 1B). The lowest 5-HT con- 
centration sufficient to induce short-term facilitation with 
a single pulse was 10 nM (Figure 1A). This produced a 
modest facilitation of +31.2% .+ 8.7% (n = 21), but one 
which nevertheless differed significantly from the control, 
in which the EPSP showed a characteristic reduction ow- 
ing to homosynaptic depression (-25.8°/o .+ 4.9%; n = 
9; p < .05). Despite the ability of one pulse to produce 
short-term facilitation, five pulses of 10 nM 5-HT did not 
produce significant long-term facilitation at 24 hr (+3,9°/o _+ 
10.0% ; n = 29; Figure 1B). 
Even 50 nM 5-HT, which produced highly significant 
short-term facilitation in response to one pulse of 5-HT 
(+54.8% _+ 13.3% ; n = 18; p < .01 compared with con- 
trol), still did not produce a statistically significant long- 
term facilitation at 24 hr (+25.4% .+ 11.1%; n = 18; Fig- 
ures 1A and 1B). The lowest 5-HT concentration able to 
evoke significant long-term facilitation at24 hrwas 100 nM 
5-HT. At this concentration, one pulse of 5-HT produced 
substantial short-term facilitation (+72.7% _+ 12.5%; n -- 
3; p < .01 compared with control) that gradually decayed 
during the next 30 min (to +2.83% .+ 8.8% In = 12] at 
30 rain; data not shown). When repeated five times, it also 
produced significant long-term facilitation (83.6% _+ 
30.2%; n = 7; p < .01 compared with nontreated cells) 
lasting more than 24 hr (Figure 1B). A similarly significant 
short- and long-term facilitation was obtained with the 
higher dose of 10 ~M 5-HT (EPSP increased to +78.2% 
.+ 6.2% [n = 8; p < .01] immediately after one pulse of 
5-HT and to +62.6% _+ 7% [n = 25; p<.01]at  24hr  
after five pulses). 
Thus, consistent with the cAMP imaging experiments 
(Bacskai et al., 1993), short-term facilitation tested either 
after one pulse or 30 min after five pulses (see below) 
requires substantially lower concentrations of 5-HT (10 nM 
and 1 riM, respectively) compared with that required for 
long-term facilitation measured at 24 hr (100 nM or higher). 
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Figure 2. Time Course of EPSP Facilitation in L7 Induced by Five 
Repeated Applications of 10 #.M 5-HT 
(A) The EPSPs, recorded in the L7 motor neuron before 5-HT applica- 
tion (pretraining), are compared with the EPSPs recorded at different 
time points (0.5, 12, and 24 hr) after the 5-HT treatment (posttraining). 
The control cultures received repeated applications of artificial sea- 
water. 
(B) The synaptic facilitation i duced by 10 ~M 5-HT at different time 
points after the training is compared with the control cultures. Each 
point represents the mean _ SEM of the percentage change in EPSP 
amplitude recorded at the different ime points. Statistical analysis 
indicates that the 5-HT-increased EPSP at each time point is signifi- 
cantly different from the EPSP recorded in the control cell at the same 
time point (p < .01). 
The Time Course of Long-Term Facilitation 
To study the onset and establishment of the long-term 
process in more detail, we examined the time course of 
facilitation at doses of 5-HT that give rise to robust long- 
term facilitation. We used 10 ~M 5-HT and measured the 
amplitude of the synaptic potential in seven different 
groups of sensorimotor connections at seven intervals, 
ranging from 0.5 hr after the last of the five pulses of 5-HT 
to 24 hr after the last pulse (0.5, 1, 3, 6, 12, 18, and 24 
hr). As Figure 2 (closed circles) illustrates, the time course 
of the facilitation revealed a large early component and a 
significantly smaller component hat is still clearly facili- 
tated at 24 hr. 
The facilitation was largest (+156.3% 4- 18.0%; n = 
11) 0.5 hr after the training was completed (2 hr after the 
application of the first pulse of 5-HT). It declined slightly 
by 1 hr (+146.9% 4- 26% ; n = 16) and by 3 hr decreased 
to 120% 4- 10.6% (n = 7). The amount of facilitation was 
essentiallyunchanged from 6 to 12 hr after the last pulse 
of 5-HT (+129.8% 4- 21.7% [n = 11] compared with 
+126.2% 4- 17.7% [n = 7]), but by 18 hr the facilitation 
had declined to a lower level (+74.6% 4- 10.7%; n = 5), 
at which it was maintained until at least 24 hr (+62.6% 4- 
7.2%; n = 25). Thus, the facilitation present at 24 hr was 
significantly smaller than the early facilitation recorded at 
0.5 hr(p < .05). 
In control cultures retested at these same time points, 
the EPSP amplitude changes were between -1% and 
-12% (Figure 2, open squares). The values of each of the 
seven groups exposed to 5-HT were significantly different 
from the parallel controls (p < .01; Figure 2). 
The emergence of a transient component in the interme- 
diate phase between short- and long-term facilitation en- 
couraged us to explore the mechanisms underlying this 
phase and to compare it with both the short-term earlier 
phase evident in response to one pulse of 5-HT and with 
the late phase present at 24 hr after five superthreshold 
pulses of 5-HT. Specifically, we wanted to examine how 
rapidly the requirements for translation and transcription 
arose. Anisomycin or actinomycin, which have no effect 
on the short-term facilitation produced by one pulse of 
5-HT, completely block the late facilitating effect produced 
by 5-HT at 24 hr (Montarolo et al., 1986). What about the 
intermediate phase? The analysis of the intermediate 
phase was facilitated by the finding that doses of 5-HT 
less than 100 nM do not produce long-term facilitation 
(Figure 1). These lower doses allowed us to explore the 
mechanisms of the intermediate phase in relative isolation 
of the later phase. 
A Persistent Component of Short-Term Facilitation 
Contributes to the Intermediate Phase 
To examine the properties of the intermediate phase, we 
tested the facilitation produced at 0.5 hr after five pulses 
of 5-HT at concentrations of 1,10, and 50 nM. Five pulses 
of 5-HT at 1 nM, a concentration that caused no short-term 
facilitation when given as a single pulse (Figure 1A), 
caused a facilitation of 37.8% _+ 8.4% (n = 26), evident 
30 min after the last of the five pulses, which is significantly 
different from the EPSP change in the control cultures 
(-6.2% 4- 2.1%; n = 14; p < .05; Figure 3). This facilitation 
lasted less than 3 hr (the EPSP increase at 3 hr was only 
+2% 4- 6.8%; n = 16). It was not blocked by inhibitors 
of either protein (EPSP increased to +34.9% 4- 5.2% [n = 
7] in the presence of anisomycin) or RNA synthesis (EPSP 
increased to +42.8% 4- 9.8% [n = 6] in the presence of 
actinomycin; Figure 4), but this facilitation was blocked 
completely when Rp-cyclic adenosine 3'-5'-monophos- 
phothioate (Rp-cAMPS), an inhibitor of the cAMP-depen- 
dent protein kinase, was applied during the exposure to 
5-HT (EPSP reduced to -1.4% _+ 6.3% [n = 8 ;p<.01]  
compared with the 5-HT-treated cultures in the absence 
of the inhibitor; Figure 5). Thus, subthreshold doses of 
5-HT can be additive and can give rise to facilitation lasting 
at least 0.5 hr that has all the properties of short-term 
facilitation and presumably reflects a cumulative and per- 
sistent form of short-term facilitation. These doses of 5-HT, 
however, do not give rise to long-term facilitation. 
Five pulses of 10 nM 5-HT, a concentration that first 
induced short-term facilitation, when given as a single 
pulse (Figure 1A), produced a facilitation of 72.4% - 
13.4% (n = 20; p < .01) at 30 min (Figure 3). This facilita- 
tion was twice as large as that produced by a single pulse 
at 10 nM, but again it was transient. It lasted less than 3 
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Figure 3. Time Course ofthe Facilitation Induced by Low Concentra- 
tions of 5-HT 
Each point represents the mean _+ SEM of the percentage change 
in EPSP amplitude recorded at the different time points (0.5, 3, and 
24 hr) after receiving five applications of 5-HT at concentrations of 1, 
10, 50, and 100 nM. 
hr (+5.8% _ 11%; n = 9) and produced no significant 
long-term facilitation at 24 hr (+3.9% __+ 10.0% In = 29] 
compared with the EPSP amplitude change in nontreated 
cells of about -6.1% _ 4.6 In = 13]; Figure 3). Similar 
to the facilitation produced by 1 nM 5-HT, the facilitation 
produced by 10 nM 5-HT was significantly reduced by Rp- 
cAMPS and was not affected significantly by either inhibi- 
tore of protein synthesis (anisomycin or emetine) or inhibi- 
tore of RNA synthesis (actinomycin). In fact, the EPSP 
increased to +60.2% _+ 17.74% (n = 10) in the presence 
of anisomycin (Figure 4) and to +48.3% -+ 14.2% (n = 
14) in the presence of emetine (data not shown), compared 
with an increase of +73.4% -+ 13.4% (n = 20) in the 
absence of inhibitors (Figure 4). Similarly, this facilitation 
is not dependent on RNA synthesis, since it was not 
blocked by actinomycin (in the presence of actinomycin, the 
EPSP increased to +72.7% -+ 10.6%; n = 7; Figure 4). 
By contrast (Figure 5), incubation of the cultures with 
500 #M Rp-cAMPS during the exposure to 10 nM 5-HT 
significantly reduced the facilitation evident at 0.5 hr from 
+85.7% _ 18.3% (n = 8) in the absence of the inhibitor 
to +24.3% _+ 15.0% (n = 11) in the presence of the inhibi- 
tor (p < .05). As shown in Figure 1B, five pulses of 10 
nM 5-HT did not produce a long-term facilitation at 24 hr 
significantly different from that of control cells. Therefore, 
the facilitation evoked by 10 nM 5-HT seems also to repre- 
sent a persistence of the short-term process. 
Thus, repeated pulses of 1 and 10 nM 5-HT, concentra- 
tions that do not recruit long-term facilitation, give rise to 
a transient phase of facilitation that declines to baseline 
levels within 3 hr and has the mechanistic properties of 
the short-term process. It does not require protein and 
RNA synthesis but requires activation of protein kinase A. 
A New Mechanism of Facilitation Contributes to the 
Intermediate Phase That Requires Only Protein 
but Not RNA Synthesis 
The dependence on macromolecular synthesis emerges 
only with higher doses of 5-HT. Repeated pulses of 50 nM 
5-HT (Figure 1B), which produce only marginal long-term 
facilitation that is not statistically significant, produced a 
significant early facilitation at 0.5 hr that is larger than that 
produced by 1 or 10 nM 5-HT (Figure 3); moreover, this 
phase is now largely dependent on new protein synthesis. 
In the presence of anisomycin (Figure 4), the facilitation 
was significantly reduced from +100.9% _+ 14.7% (n = 
18) to +27% __ 9.5% (n = 14; p < .01). Surprisingly, this 
facilitation was only marginally reduced to +91.8% -4- 
13.20/o (n = 9) by actinomycin (Figure 4). 
Thus, a critical concentration of 5-HT recruits a novel 
intermediate component of facilitation interposed between 
the short- and long-term forms that differs from both of 
these forms. It differs from the long-term form in being 
transient, lasting only several hours, and being largely in- 
dependent of transcription. It differs from the short-term 
form in requiring new protein synthesis. 
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Figure 4. Differential Effects of Protein or RNA Synthesis Inhibition on the Early Phase of the Facilitation Depending on 5-HT Concentration 
The height of each bar is the mean + SEM of the percentage change in EPSP amplitude recorded 0.5 hr after the last application of 5-HT at 
the different concentrations, in the presence or in the absence of anisomycin or actinomycin. 
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Figure 5. The EarlyProteinSynthesis-lndepen- 
dent Phase of the Facilitation Evoked by 5-HT 
at Low Concentrations Is Blocked by the PKA 
Inhibitor Rp-cAMPS 
The height of each bar is the mean 4- SEM 
of the percentage change in EPSP amplitude 
recorded 0.5 hr after the last of five applications 
of 1 or 10 nM 5-HT. 
Concentrations of 5-HT (100 nM and 10 I~M 5-HT) that 
induce long-term facilitation lasting 24 hr produced an 
early phase that was partially dependent on active tran- 
scription. At these higher concentrations, the early phase 
is completely dependent on protein synthesis, as is the late 
phase. Thus, the facilitation evoked 0.5 hr after a 100 nM 
5-HT training was significantly reduced from +135.2% 4- 
16.5% (n = 20) in the absence of protein synthesis inhibi- 
tors to +5.3% -+ 9,7% (n = 13; p < .01) in the presence 
of anisomycin (Figure 4) and to-0 .3% 4- 6.3% (n = 13; 
p < .01) in the presence of emetine (data not shown). How- 
ever, when actinomycin was applied during the training, 
this facilitation was reduced substantially to 47% of its 
amplitude (+63.8% 4- 10.0% ; n = 6; p < .01 compared 
with 5-HT-treated cells in the absence of the inhibitor and 
p < .01 compared with the nontreated cells; Figure 4). 
An even higher dose of 5-HT (10 I~M), which evokes a 
robust late phase, produced an intermediate facilitation 
that was fully blocked by anisomycin (Figure 4). In the 
presence of 10 I~M anisomycin, the facilitation measured 
within 30 rain after the end of the training (+150.2% 4- 
17.5% In = 15] in the absence of inhibitors) was com- 
pletely abolished (+0.8% _.+ 3.3%; n = 11; p < .01). The 
value obtained with 5-HT in the presence of anisomycin 
was not significantly different from the EPSP change mea- 
sured in the control cells and in the cultures incubated 
with anisomycin alone (-22.2% 4- 3.3%; n = 12). 
By contrast, the RNA synthesis inhibitor actinomycin, 
which fully blocks the late phase at 24 hr, blocked only 
about 65% of the intermediate phase of facilitation with 
10 ~M 5-HT (Figure 4). Even in the presence of 50 i~g/ml 
actinomycin D, the EPSPs were still facilitated to about 
+54.9% 4- 15.1% (n = 7) at the end of the 5-HT training 
(0.5 hr). This facilitation is significant compared with the 
control cells (p < .01), and with the cultures incubated with 
actinomycin alone (-17.9% 4- 4.9%; n = 4; p< .01). This 
facilitation induced by 5-HT in the presence of actinomycin 
represents about 35% of the facilitation obtained with 5-HT 
in the absence of the inhibitor (p < .01 compared with cells 
treated with 5-HT in the presence of actinomycin). Thus, 
at synapses relatively close to the cell body, five pulses of 
100 nM to 10 ~M 5-HT, which induce significant long-term 
facilitation, recruit an intermediate component hat is fully 
dependent on new protein synthesis but only partially de- 
pendent on RNA synthesis. 
These findings lead to three conclusions. First, depen- 
dence of the intermediate phase of facilitation on RNA 
synthesis arises with a concentration of 100 nM 5-HT and 
parallels the emergence of long-term facilitation evident 
at 24 hr. Second, these concentrations recruit an interme- 
diate phase present at 0.5 hr that shows only a partial 
dependence on RNA synthesis but which is fully depen- 
dent on new protein synthesis. Third, lower doses of 5-HT, 
which do not produce long-term facilitation, can recruit 
this protein synthesis-dependent and RNA synthesis- 
independent component by itself. Thus, at 50 nM the inter- 
mediate phase of facilitation involves a novel mechanism 
of facilitation that is largely dependent on protein synthe- 
sis, even though it does not require transcription. These 
several features suggest that 5-HT can activate transla- 
tional mechanisms without activating transcription. 
Activation of the Early Protein 
Synthesis-Dependent Component Is Associated 
with Suppression of a Persistent 
Short-Term Phase 
These several findings raise an interesting question. Why 
is a residual protein synthesis-independent component 
evident with low concentrations of 5-HT not evident (at 0.5 
hr) when higher doses of 5-HT recruit the protein synthe- 
sis-dependent long-term process? Our datado not permit 
us to answer this question directly. Since both the protein 
and RNA synthesis-dependent component present at 
high doses of 5-HT and the protein synthesis-independent 
component depend on cAMP, we were not able to dissoci- 
ate them with inhibitors of PKA. Irrespective of the detailed 
mechanisms, however, our data suggest that the higher 
doses of 5-HT, which induce the long-term protein synthe- 
sis-dependent phase, somehow shut off the protein syn- 
thesis-independent early phase. 
To test this idea, we applied five pulses of 5-HT at 10 
~M (adequate to activate both translation and transcrip- 
tion) and subsequently tested the ability of one pulse of 
10 ~M 5-HT to elicit short-term facilitation. We found that 
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Figure 6. Short-Term Facilitation Is Abolished 0.5 hr after the 5-HT 
Training 
The height of each bar is the mean --- SEM of the percentage change 
in EPSP amplitude retested 1 min after a 5 min pulse of 10 p.M 5-HT 
at 0.5 or 24 hr after the end of the training. The amount of short-term 
facilitation has been calculated by assuming as baseline the EPSP 
amplitude at 0.5 or 24 hr, respectively, after the end of the serotonin 
treatment. The baseline at 0.5 hr was about 2 times that of the EPSP 
at 24 hr. 
one pulse could produce significant short-term facilitation 
when superimposed on long-term facilitation present at 
24 hr (EPSP increased to +62.3% -+ 14.0% ; n = 6; p < 
.01 compared with the control cells); however, that same 
pulse of 5-HT did not have this capability to facilitate the 
EPSP when superimposed on the intermediate phase of 
facilitation present at 0.5 hr. Rather, when 5-HT was given 
at 0.5 hr, the EPSP decreased to -21.5% -+ 5.9% (n = 
11), similar to the homosynaptic depression observed in 
control cells following the application of one pulse of sea- 
water at 0.5 hr after the 5-HT training (-19.7% _+ 4.4%; 
n = 7; Figure 6), Although the baseline of the EPSP ampli- 
tude at the end of the training is nearly two times that of the 
EPSP at 24 hr (about a 150% EPSP amplitude increase at 
0.5 hr and 70% at 24 hr), the possibility that a ceiling 
effect may prevent any further facilitation at the end of 
the training seems unlikely. This seemed quite far from a 
ceiling, since in some cocultures we observed a much 
larger EPSP facilitation (to 300%-400%) at the end of the 
5-HT training. 
This inactivation of the capability for facilitation might 
be accomplished in one of these ways. There may be direct 
feedback between one or more steps in the long-term pro- 
cess and protein kinase A, which lead to the shutting off 
of its response to cAMP. Alternatively, there may be more 
than one 5-HT receptor coupled to adenylyl cyclase with 
different sensitivities for 5-HT. Activation of the low sensi- 
tivity receptor with higher doses of 5-HT may lead to the 
inactivation of the high sensitivity receptor. Finally, we can- 
not exclude the possibility that a class of 5-HT receptors 
desensitizes at 0.5 hr and not at 24 hr. 
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Figure 7. Relative Contribution ofDifferent Molecular Mechanisms to 
the intermediate EPSP Facilitation Present at 0.5 hr 
The graph shows the relative contributions of the three molecular 
mechanisms at 0.5 hr after five applications of5-HT at concentrations 
ranging from 1 nM to 10 #M. 
Discussion 
We have found that long-term facilitation produced by five 
pulses of 5-HT and measured 24 hr later is initiated at a 
higher concentration of 5-HT than is short-term facilitation 
in response to a single pulse of 5-HT. The ability to elicit 
short-term facilitation at concentrations that do not elicit 
long-term facilitation has allowed us to explore the conse- 
quences of repeated applications of 5-HT that are sub- 
threshold for the long-term process. In this way, we have 
uncovered a new intermediate stage that is temporally 
interposed between short- and long-term facilitation and 
whose nature depends on the concentration of 5-HT. A 
schematic summary of the relative contributions of cova- 
lent modifications, translation, and transcription to the fa- 
cilitation at 0.5 hr after exposure to different concentra- 
tions of 5-HT is presented in Figure 7. In this model we 
assume a linearity in the additivity of these different molec- 
ular mechanisms, and we calculate the relative contribu- 
tion of each mechanism as the percentage of the 5-HT- 
induced facilitation blocked by the presence of translation 
or transcription inhibitor compared with the facilitation in- 
duced by 5-HT in the absence of the inhibitor (100%) at 
the different 5-HT concentrations. 
Long-Term Facilitation Measured at 24 hr Has a 
Higher Threshold for Activation Than 
Short-Term Facilitation 
Experiments using cAMP-dependent protein kinases that 
are fluorescently labeled on both the regulatory and cata- 
lytic subunits allowed the spatial imaging of the cAMP- 
dependent protein kinase in the sensory neurons (Bacskai 
et al., 1993). These studies illustrated that single pulses 
of 5-HT cause an extremely high increase in cAMP in the 
processes of the sensory neurons, while producing only 
a modest increase in the cell body. This finding first sug- 
gested that it might be possible to induce short-term facili- 
tation with lower concentrations of 5-HT than are required 
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for long-term facilitation. We have tested this idea using 
concentrations ranging from 1 nM to 10 ~M and found that 
a lower concentration of 5-HT (around 10 nM) is required to 
induce short-term facilitation than is required to induce 
the long-term process (100 nM). Consistent with this find- 
ing, an early RNA-dependent intermediate phase emerges 
in parallel with the long-term process and presumably re- 
flects its early phase. This is consistent with the notion 
that repeated pulses of 5-HT are required to elevate the 
level of cAMP adequately so that the catalytic subunit of 
protein kinase A can translocate into the nucleus and acti- 
vate cAMP-inducible genes (Dash et al., 1990; Kaang et 
al., 1993; Alberini et al., 1994). 
These results in dissociated cell culture differ from those 
obtained in the intact pleural pedal ganglia by Emptage 
and Carew (1993) during examination of the synapses of 
the pleural mechanoreceptor sensory neurons on their dis- 
tal targets in the pedal ganglion. They found that long-term 
facilitation in the intact ganglion was initiated at slightly 
lower concentrations of 5-HT (average of 2 ~M) than was 
required for short-term facilitation (average of 5 I~M) in 
response to one 1.5 hr pulse of 5-HT. In contrast to culture 
in which 5-HT has equal access to both the cell bodies 
and the processes of the sensory neurons, in the intact 
ganglion the cell bodies of the sensory neurons lie on the 
surface of the ganglion, whereas the terminals are embed- 
ded in the neuropil which make up the central core of 
the ganglion. Thus, the cell body may therefore be more 
accessible to 5-HT than the terminals. Specifically, there 
may be binding of 5-HT, uptake of the transmitter, or a 
barrier to its diffusion that prevents the concentration in 
the center of the ganglion from reaching the concentration 
presented to the surface. Since only the cell body needs 
to be exposed to 5-HT to produce long-term facilitation 
(Emptage and Carew, 1993; Clark and Kandel, 1993), 
whereas the terminals need to be exposed to produce 
short-term facilitation, the favorable location of the cell 
body may give rise to long-term facilitation at an apparently 
lower threshold. Alternatively, there might be differences 
between cells in culture and those in intact ganglia in the 
distribution of phosphodiesterases, kinases, or phospha- 
tases, or between the proximal synapses studied here and 
the distal synapses studied by Emptage and Carew. 
Short-Term Facilitation Is Cumulative and 
Independent of New Protein Synthesis 
Five pulses of 1 and 10 nM 5-HT, each of which is sub- 
threshold for long-term facilitation, give rise to a transient, 
intermediate facilitation lasting between 0.5 and 3 hr that 
does not require protein synthesis, suggesting that short- 
term facilitation is cumulative. Indeed, by using the cAMP 
antagonist Rp-cAMPS, we found that this early protein 
synthesis-independent phase also is dependent on PKA, 
as is the late phase (Montarolo et al., 1992, Soc. Neurosci., 
abstract). This protein synthesis-independent and cAMP- 
dependent phase is suppressed by higher doses of 5-HT 
and replaced by a protein synthesis-dependent facilita- 
tion. What accounts for this depression of the protein syn- 
thesis-independent phase is unclear, but our data suggest 
that there may be desensitization of a class of serotonin 
receptors, or some sort of block at a later step in the intra- 
cellular transduction pathway. 
A Novel Intermediate Component of Facilitation 
Requires Only New Protein Synthesis 
Five pulses of 5-HT at slightly higher concentrations have 
revealed a novel intermediate phase that requires protein 
synthesis but not RNA synthesis. This facilitation is quite 
large (about 150%) and decays over the next 3-6 hr after 
the last pulse. The finding of a protein synthesis-depen- 
dent component of long-term facilitation that does not re- 
quire RNA synthesis suggests that it is possible to activate 
translation directly without activation of transcription, and 
that this protein synthesis-dependent s ep may mediate an 
intermediate form of facilitation with distinctive properties. 
How could 5-HT regulate translation? Protein synthesis 
requires three major steps: initiation, elongation, and ter- 
mination. Recently, Winicov et al. (1992, Cold Spring Har- 
bor Syrup. Learn. Mem., abstract) have found that, in the 
sensory neurons of Aplysia, 5-HT leads to phosphorylation 
of elongation factor 113, as well as to the induction of elon- 
gation factor 1~. Both EFI-~ and EF1-13 are components of 
a larger multienzyme system (EF1 H) that controls guanylyl 
nucleotide xchange, a rate-limiting step in protein elonga- 
tion. Phosphorylation of EFI-[3 alters the rate of GTP ex- 
change. These regulatory events might lead to stimulation 
of translation that is independent of transcription. Thus, 
5-HT and cAMP may not only activate transcription (via 
phosphorylation of CREB and other transcription factors) 
but may also regulate the machinery for translation, via 
a coordinated increase in expression of EFI-~ and in phos- 
phorylation of EF1-!3. A transcriptionally dependent com- 
ponent for the intermediate phase of facilitation emerges 
in parallel with long-term facilitation. In addition, RNA pro- 
cessing might be regulated. Indeed, Homayouni et al. 
(1994, Soc. Neurosci., abstract) have found that 5-HT af- 
fects the phosphorylation of a protein similar to an RNA- 
binding protein, heterogenous nuclear ribonucleoprotein, 
which may be involved in mRNA processing. 
Consistent with the finding that long-term facilitation at 
24 hr, which is completely dependent on transcription, 
arises at a higher concentration than does short-term facili- 
tation, we find that concentrations of 5-HT that elicit the 
long-term process also recruit an early transcriptionally 
dependent component hat contributes to the intermediate 
phase evident at 0.5 hr. Thus, at appropriate concentra- 
tions it becomes evident that the transcriptionally depen- 
dent component emerges quite early, within 30 min or less 
after the last of five pulses of 5-HT. 
Finally, the finding that an intermediate stage of facilita- 
tion is only partially dependent on transcription is also in 
agreement with recent results showing that the injection 
into sensory cells of oligonucleotides containing the 
Aplysia cAMP response element or the Aplysia C\EBP 
binding site before the serotoninergic treatment com- 
pletely blocks the long-term facilitation at 24 hr (Alberini 
et al., 1994), but only partially blocks the early phase of 
facilitation (Alberini et al., personal communication). 
Neuron 
420 
Experimental Procedures 
Aplysia sensory cells (1 or 2) were isolated from the pleural ganglia 
of adult animals (80-100 g) and were cocultured with the motor neuron 
L7 dissected from the abdominal ganglia of juvenile animals (1-4 g), 
as previously described (Schacher and Proshansky, 1983). After 
4-5 days in culture, the strength of the synaptic connection between 
the sensory and motor cells was tested. The stimulation and recording 
techniques have been described (Dale etal., 1988; Montarolo etal., 
1988). The motor cell was recorded intracellularly with a microelec- 
trode (10-15 MQ) containing 2.5 M KCI and held at a potential of 
-30 mV below its resting potential The EPSP was evoked in L7 by 
stimulating the sensory cell with a brief depolarizing pulse using an 
extracellular electrode. 
To produce short-term facilitation, 5-HT, at concentrations ranging 
from 1 nM to 10 I~M, was applied by perfusion with 5-HT at its final 
concentration or by syringe application of 10 x concentrated 5-HT and 
maintained in the bath for 5 min, followed by a 10-15 s washout. The 
facilitation was tested 1 min after starting the 5-HT washout. 
To induce long-term facilitation, the cultures received five 5 min 
applications of 5-HT at concentrations ranging from 1 nM to 10 #M, 
as previously described (Montarolo etal., 1986; Glanzman etal., 1990). 
To examine the effects of transcription and translation inhibitors on 
the early phase of long-term facilitation-- anisomycin (10 p.M), emetine 
(100 ~.M), or actinomycin D (50 #g/ml)--were added to the cultures 
at 1 hr before the 5-HTtreatment and were present continuously during 
and until 30 min after the end of the 5-HT treatment (Montarolo etal., 
1986). The PKA inhibitor Rp-cAMPS was added to the culture 30 min 
before the training and was present continuously during the training, 
at a concentration of 500 p.M (Ghirardi eta l ,  1992). 
The effects of the various treatments were calculated as the percent- 
age change in EPSP amplitude after treatment compared with the 
initial EPSP amplitude before the treatment. All data are presented 
as mean _ SEM. ANOVA and Newman-Keuls multiple range test 
were used to measure significance of the EPSP changes produced 
by the various treatments. 
Acknowledgments 
We thank C. Bailey, J. Byrne, T. Carew, S. Schacher, S. Siegelbaum, 
J. Schwartz, T. Abrams, and R. Hawkins for their comments on the 
manuscript. We are also indebted to C. Lam and S. Mack for the 
illustrations and H. Ayers and A. Krawetz for typing the manuscript. 
This work was supported by the Howard Hughes Medical Institute and 
the Italian MURST. 
The costs of publication of this article were defrayed in part by 
the payment of page charges. This article must therefore be hereby 
marked "advertisement" in accordance with 18 USC Section 1734 
solely to indicate this fact. 
Received August 1, 1994; revised November 14, 1994. 
References 
AIberini, C. M., Ghirardi, M., Metz, R., and Kandel, E. R. (1994). C/EBP 
is an immediate-early gene required for the consolidation of long-term 
facilitation in Aplysia. Cell 76, 1099-1114. 
Bacskai, B. J., Hoehner, B., Mahaut-Smith, M., Adams, S. R., Kaang, 
B., Kandel, E. R., and Tsien, R. Y. (1993). Spatially resolved dynamics 
of cAMP and protein kinase A subunits in Ap/ysia sensory neurons. 
Science 260, 222-226. 
Bailey, C. H., Montarolo, P., Chen, M., Kandel, E. R., and Schacher, 
S. (1992). Inhibitors of protein and RNA synthesis block structural 
changes that accompany long-term heterosynaptic plasticity in 
Aplysia. Neuron 9, 749-758. 
Castellucci, V., and Kandel, E. R. (1976). Presynaptic facilitation as a 
mechanism for behavioral sensitization in Aplysia. Science 194, 1176- 
1178. 
Castellucci, V., Pinsker, H., Kupfermann, I., and Kandel, E. R. (1970). 
Neuronal mechanisms of habituation and dishabituation of the gill- 
withdrawal reflex in Aplysia. Science 167, 1745-1748. 
Castellucci, V. F., Blumenthal, H., Goelet, P., and Kandel, E. R. (1989). 
Inhibitors of protein synthesis block long-term behavioral sensitization 
in the isolated gill-withdrawal reflex of Aplysia. J. Neurobiol. 20, 1-9. 
Clark, G. A., and Kandel, E. R. (1993). Induction of long-term facilitation 
in Aplysia sensory neurons by local application of serotonin to remote 
synapses. Prec. Natl. Acad. Sci. USA 90, 11411-11415. 
Dale, N., Schacher, S., and Kandel, E. R. (1988). Long-term facilitation 
in Aplysia involves increases in transmitter release. Science 239, 282- 
285. 
Dash, P. K,, Hochner, B., and Kandel, E. R. (1990). Injection of cAMP- 
responsive element into the nucleus of Aplysia sensory neurons blocks 
long-term facilitation. Nature 345, 718-721. 
Duncan, C. P. (1949). The retroactive ffect of electroshock on learn- 
ing. Comp. Physiol. Psychol. 42, 32-44. 
Emptage, N. J., and Carew, T. J, (1993). Long-term synaptic facilitation 
in the absence of short-term facilitation in Aplysia neurons. Science 
262, 253-256. 
Frost, W. N., Castellucci, V. F., Hawkins, R. D., and Kandel, E. R. 
(1985). Monosynaptic connections made by the sensory neurons of the 
gill- and siphon-withdrawal reflex in Aplysia participate in the storage of 
Iong4erm memory for sensitization. Proc. Natl. Acad. Sci. USA 82, 
8266-8269. 
Ghirardi, M., Braha, O., Hochner, B., Montarolo, P. G., Kandel, E. R., 
and Dale, N. (1992). Roles of PKA and PKC in facilitation of evoked 
and spontaneous transmitter release at depressed and nondepressed 
synapses in Aplysia sensory neurons. Neuron 9, 479-489. 
Glanzman, D. L., Mackey, S. L, Hawkins, R. D., Dyke, A. M, Lloyd, 
P. E., and Kandel, E. R. (1989). Depletion of serotonin in the nervous 
system of Aplysia reduces the behavioral enhancement of gill with- 
drawal as well as the heterosynaptic facilitation produced by tail shock. 
J. Neurosci. 9, 4200-4213. 
Glanzman, D. L., Kandel, E. R., and Schacher, S. (1990). Target de- 
pendent structural changes accompanying long-term synaptic facilita- 
tion in Aplysia neurons. Science 249, 799-802. 
Kaang, B.-K., Kandel, E. R., and Grant, S. G. N. (1993). Activation of 
cAMP-responsive genes by stimuli that produce long-term facilitation 
in Aplysia sensory neurons. Neuron 10, 427-435. 
Mackey, S. L., Kandel, E. R., and Hawkins, R. D. (1989). Identified 
serotonergic neurons LCB1 and RCB1 in the cerebral ganglia of 
Aplysia produce presynaptic facilitation of siphon sensory neurons. J. 
Neurosci. 9, 4227-4235. 
Montarolo, P. G., Goelet, P., Castellucci, V. F., Morgan, J., Kandel, 
E. R., and Schacher, S. (1986). A critical period for macromolecular 
synthesis in long-term heterosynaptic facilitation in Aplysia. Science 
234, 1249-1254. 
Montarolo, P. G., Kandel, E. R., and Schacher, S. (1988). Long-term 
heterosynaptic inhibition in Aplysia. Nature 333, 171-174. 
M~Jller, G. E., and Pilzecker, A. (1900). Expedmentelle beitrage zur 
lehre vom gedachtni. Z. Psychol. Sinnesoy Erganzungsband 1, 1-300. 
Pinsker, H. M., Honing, W. A., Carew, T. J., and Kandel, E. R. (1973). 
Long-term sensitization of a defensive withdrawal reflex in Aplysia. 
Science 182, 1039-1042. 
Rayport, S. G., and Schacher, S. (1986). Synaptic plasticity in vivo: 
cell culture of identified Aplysia neurons mediating short-term habitua- 
tion and sensitization. J. Neurosci. 6, 759. 
Russell, W. R. (1971). The Traumatic Amnesias (New York: Oxford 
University Press). 
Schacher, S., and Proshansky, E. (1983). Neurite regeneration by 
Aplysia neurons in dissociated cell culture: modulation by Aplysia 
hemolymph and the presence of the initial axonal segment. J. Neu- 
rosci. 3, 2403-2413. 
Schacher, S., Montarolo, P. G., and Kandel, E. R. (1990). Selective 
short- and long-term effects of serotonin, small cardioactive peptide, 
and tetanic stimulation on sensorimotor synapses of Aplysia in culture. 
J. Neurosci. 10, 3268-3294. 
